When populations face different environmental conditions, both local adaptation and phenotypic plasticity may cause interpopulation divergence of behavioral or phenotypic properties on which mate choice is based. If sustained, this may result in genetic differentiation even in the presence of extant gene flow. Condition dependence of mate choice is one of the main mechanisms explaining these environmental effects. We tested whether experimental food stress affects mate choice in male and female Pirata piraticus spiders from one heavily polluted and one unpolluted reference population. Compared with control females, foodstressed females from the reference population showed a decreased probability of copulation and preferred smaller mates. Females from the polluted population, in contrast, did not show a significant response to food stress and showed size-assortative mating, most strongly under food stress. We explain these results in 2 complementary ways. First, spiders from populations that are not adapted to cope with stress may be less willing to mate when eggs are not fully matured. Second, food-deprived females may show a larger responsiveness toward smaller males because the latter resemble prey more and hungry females tend to attack moving objects more often. Results from this study support the prediction that variation in body condition, driven by local ecological factors, may affect mating behavior and may ultimately lead to population divergence in important life-history traits such as body size.
I t has long been recognized that environmental variation can shape the evolution of mating strategies through multiple effects on individual phenotype and condition (Ortigosa and Rowe 2002; Hunt et al. 2005; Fisher and Rosenthal 2006) . In populations that are exposed to different environmental conditions, differential sexual selection regimes may result in spatial variation in selection pressures through various mechanisms. First, adaptation to different environments may cause divergence of behavioral or phenotypic properties that are involved in mate choice. As such, differential sexual selection regimes may result as a by-product of natural selection (the ''by-product mechanism'' sensu Funk 1998; Vines and Schluter 2006) . Such spatio-temporal variation in selection may promote the maintenance of interpopulation genetic variation, even in the absence of geographical barriers (Schluter 2001; Coyne and Orr 2004; Hey 2006; Niemiller et al. 2008; Nosil 2008; Rasanen and Hendry 2008) . Second, environmental factors such as predation risk, sex ratio, population density, or food availability may affect mating behavior through phenotypic plasticity (Jennions and Petrie 1997) . As stated by West-Eberhard (2005) and Crispo (2008) , phenotypic plasticity could be a potent mechanism to establish phenotypic divergence that could lead to assortative mating and thus precede genetically based reproductive isolation.
Studies that examined environmental effects on mate choice mainly dealt with signal reliability and courtship behavior from a male perspective (Andersson 1994; Parsons 1995; Jennions and Petrie 1997; Kotiaho et al. 1998; Hoefler et al. 2008) . For example, various empirical studies provided compelling evidence for the conditional handicap model (Zahavi 1977) , that is, the prediction that sexual traits are reliable indicators of male quality due to their cost of production and are thus condition dependent (e.g., Johnstone 1995; Rowe and Houle 1996; Parri et al. 1997; Kotiaho 2000; Ahtiainen et al. 2006) . How, and to what degree, variation in female mate choice can affect both the strength and direction of sexual selection, however, remains less well understood, especially in invertebrates (Jennions and Petrie 1997; Ortigosa and Rowe 2002; Archard et al. 2006) . Because the strength of female resistance to engage in mating is likely to be influenced by her energetic condition (Ortigosa and Rowe 2002) , environmental variation that directly or indirectly affects resource availability may affect the strength of sexual selection either by altering optimal mating rates, or by causing differential sexual selection of phenotypes, thereby reinforcing adaptive divergence (Vines and Schluter 2006) . Female mate choice consists of 2 main components, each of which may be condition dependent (Burley and Foster 2006; Fisher and Rosenthal 2006; Hebets et al. 2008; Tigreros and Switzer 2008; Wilder and Rypstra 2008) . Female ''responsiveness'' refers to female willingness to engage in a mating, whereas female ''preference'' refers to the propensity to mate with certain phenotypes (Jennions and Petrie 1997; Hunt et al. 2005) . Conditions leading to a decrease in female responsiveness may either weaken sexual selection, if the likelihood of random mating increases, or strengthen it, if the threshold for male attractiveness increases. Female preference can be expected to be weak when costs associated with mate choice are high, the probability of meeting high-quality mates is low, or when females are in poor condition (Real 1990; Pomiankowski et al. 1991; Clark et al. 1997; Hingle et al. 2001; Hunt et al. 2005) . Alternatively, under energetic stress, costs of mating increase and hence also the benefit of mating with the best possible partner (Rowe et al. 1994; Ortigosa and Rowe 2002; Fisher and Rosenthal 2006) . Body size, through its positive correlation with physiological condition and fitness, is considered an important cue for mate choice behavior in a variety of organisms (Crespi 1989; Andersson 1994; Arnqvist et al. 1996) . Selection for larger females is often associated with higher fecundity or higher offspring quality, whereas selection for larger males generally reflects sexual selection or male-male competition (Andersson 1994; Blanckenhorn 2000) . If both males and females prefer larger mates-and while competing for the latter, larger individuals are more successful-mate choice may result in size-assortative mating (Crespi 1989) . Apart from active mate choice, selection for body size might also result from mate availability, the importance of size in overcoming female resistance, male-male competition, physical constraints in the mating apparatus, or loading constraints (Crespi 1989; Harari et al. 1999; Taborsky et al. 2009 ). Irrespective of the mechanism underlying these patterns, variation in environmental or population characteristics that results in consistent between-population differences in body size or the strength of assortative mating, may reinforce reproductive isolation (Crespi 1989) .
One type of environmental variation that is recognized to impose strong selective pressures in natural populations of plants and animals is pollution with heavy metals (Posthuma and Vanstraalen 1993; Fox 1995) . The mechanism underlying this relationship is that physiological defense mechanisms consume energy that cannot be allocated to other life-history processes (Calow 1991) . In addition, pollution driven changes in absolute and relative species abundance (e.g., Read et al. 1998; Lock et al. 2003 ) are expected to result in an overall reduction in suitable prey availability, which furthers constrains the total energy budget. In a study on the wolf spider Pirata piraticus, showed that populations inhabiting metal polluted sites exhibited life-history characteristics that confirm the reduction in resource acquisition. Key life-history traits such as reproductive output were negatively related with average metal body burden. A subsequent reciprocal crossing experiment (Hendrickx et al. 2008) confirmed that this observed life-history divergence had a genetic basis, making this ecological model an ideal case to test if, and to what extent, environmentally driven selection between habitats can result in reproductive isolation (Schluter 2001) . Building on these studies, we randomly assigned male and female P. piraticus collected in one heavily polluted and one unpolluted (reference) site to either a food stress or a control treatment and subsequently conducted withinand across-population mating trials. A food-stress treatment best mimics the variation in resource acquisition observed in the field and can be applied with high precision, contrary to a treatment with heavy metals. Results from these experiments were used to address the following research questions: 1) Does genetic divergence in life-history traits lead to assortative mating? 2) Does reduced resource acquisition affect female and male mate choice? 3) Does this impact differ between populations that are differentially adapted to resource acquisition? and 4) Can condition dependence in mate choice ultimately promote adaptive divergence between populations?
MATERIAL AND METHODS

Study system and spider maintenance
Male and female P. piraticus (Araneae: Lycosidae) were collected in 2 populations in Flanders (Belgium): 1) Damvallei (53°03#N,3°50#E), an unpolluted freshwater marsh henceforth referred to as the reference population (R); 2) Galgenschoor (51°18#N,4°18#E), a tidal marsh located along the river Scheldt, heavily polluted by nearby industrial activities, referred to as the polluted population (P). These populations were selected based on earlier studies where they were shown to be 2 extremes of a lifehistory trait and pollution gradient . Under natural conditions, adult females produce 1 or 2 egg sacs (May-August) with larger females breeding earlier in the season and showing larger clutch volumes and masses . In an earlier mating experiment, where females were presented with different males on subsequent days and copulation was not prevented, females almost consistently mated only once (in only 6% of 150 mating trials, a female remated after being fertilized) (Eraly D, unpublished data). Contrary to most other wolf spiders that are used for studies on courtship behavior (e.g., Kotiaho et al. 1996; Hebets and Uetz 2000; Töpfer-Hofmann et al. 2000) , P. piraticus male courtship behavior is short, less conspicuous, and does not include pronounced leg or abdomen movements, and they lack obvious secondary sexual traits.
During February-March 2006, 158 (population R) and 232 (population P) spiders were collected, whereas an additional 152 spiders (population R) were collected in February 2007. To ensure virginity, all spiders were caught as subadults, that is, prior to their last molt. They were housed individually in plaster-layered vials under optimal growth conditions (darklight regime of 16h:8h, temperature of 20°C) and fed with flight-deficient Drosophila melanogaster reared on a dog foodbanana-oat medium (Mayntz and Toft 2001) . Once captured, individuals of each population were randomly assigned to either a food-stress treatment (S) or a control treatment (C). Every third day, subadults of the S-treatment received 2 flies, adult males 1 fly, and adult females 6 flies. Under the C-treatment, spiders were fed ad libitum (i.e., every third day subadults received 5 flies, adult males 6 flies, and adult females 10 flies). This resulted in 4 experimental groups (2 populations 3 2 treatments) for both males and females. In this species, earlier experiments showed adult females to have higher energetic requirements than males (Hendrickx F, unpublished data), hence the sex difference in food treatment. To ensure full adult development, spiders were tested not earlier than 3 days after final molt for males and 8 days for females. Females were tested at a later age as their maximal receptivity is achieved when they have acquired sufficient energy for egg development (Foelix 1996) .
Body size of all spiders was measured as their maximum cephalothorax width (CTW), to the nearest 0.06 mm using a Wild M3 stereomicroscope with eyepiece graticule (Heerburg, Switzerland). To account for measurement error, each measurement was repeated 3 times and the average value was used in subsequent analyses. After each mating trial, individuals were also weighed to the nearest 0.1 mg (Galaxy 110 Ohaus; MASS). As adult mass does not remain constant during the adult phase (Hagstrum 1971) , it was only used to verify the effect of stress at experimental group level and CTW was used as a covariate for individual size.
Mate choice experiment
To study effects of population of origin (R or P), stress treatment (C or S), and adult size (CTW) on mate choice, a single-male protocol (i.e., one male presented to a female) was applied as this best mimicked field conditions for P. piraticus (see also Jennions and Petrie 1997; Hebets and Maddison 2005) . The test arena consisted of a transparent plastic box (11 3 11 cm, 5 cm high) with moistened graph paper lined at the bottom. Females were allowed to acclimatize for 5 min, after which a male was introduced at maximal distance from the female. If the male remained inactive for 10 min, it was replaced by another male from the same experimental group. If no copulations occurred within 15 min, the experiment was stopped because longer trials do not result in higher copulation rates in P. piraticus (Eraly D, unpublished data). If females remained unfertilized, they were tested again the following day with another male from another experimental group, but not more than 5 times. After each trial, the graph paper was discarded and the box cleaned with ethanol to remove any chemical cues. A 4-by-4 fully factorial design with the factors ''stress treatment'' and ''population of origin'' (males and females) was adopted with random assignment of individuals to mating trials. In a first series of experiments (March-April 2006) , effects of food stress on mate choice were compared between P and R spiders, resulting in 198 observations from 153 females (28 RC, 20 RS, 55 PC, and 50 PS) and 92 males (22 RC, 16 RS, 27 PC, and 27 PS) . Because for population R the within-population sample size was too small to test interaction effects, we decided to repeat the experiment with only spiders from population R in March-April 2007, resulting in 179 observations from 46 females (30 RC, 16 RS) and 49 males (22 RC, 27 RS). Trials in which males did not show courtship behavior were excluded from subsequent analyses. As some individuals died before measurements on CTW or Mass could be taken, sample sizes varied slightly among analyses.
Statistical analysis
We first verified whether the stress treatment had a negative effect on body size (both Mass and CTW) and compared this effect between populations with a 2-way Analysis of variance (proc glm, SAS 9.1, SAS Institute Inc.Ó). The initial model contained all 4-, 3-, and 2-way interactions. Nonsignificant interaction terms (P . 0.1) were subsequently excluded in a stepwise procedure, starting with the highest order and least significant interactions.
During each mating trial, we observed whether or not copulation occurred, which comprised the most straightforward and relevant response variable for addressing our research questions. Because some experimental groups either contained a small number of observations or showed a uniform response (e.g., all RC females copulated), we relied on exact tests (LogXact and StatXact, Cytel Studio 8.0.0, Cytel Inc Ó) to quantify the effects of stress and population of origin on copulation probability. To test for assortative mating (research question 1), the effect of male and female population origin, and particularly their interaction was of main interest, whereas for the effects of resource acquisition on mate choice (question 2), the effect of male and female stress treatment was tested.
To study differential effects of stress on both populations (question 3), the interaction between population origin and stress treatment of both partners was most important. Because we used an exact test, all interactions of interest had to be tested separately with 3-way interactions being the highest order possible.
To control for the effects of size (CTW) on the probability of copulation, this factor, as a continuous variable, together with stress treatment and population origin was analyzed using generalized linear mixed models (proc glimmix; SAS 9.1, SAS Institute Inc. Ó). As the response variable is binomially distributed, a logit link function was used. Starting models contained all main factors and interactions. Again, model selection was done by removing nonsignificant interaction terms in a stepwise manner and starting with the highest interaction terms. As most males and some females were tested repeatedly, all analyses incorporated their identity as a random effect. The estimate variance components of this random factor were however not significantly larger than zero.
RESULTS
Phenotypic stress effects
To verify whether the applied stress treatment was effective, we analyzed phenotypic effects on CTW and body mass for spiders collected in 2006 and 2007. Female mass and CTW were significantly smaller under the food-stress treatment compared with the control treatment, for spiders from both populations in both years ( Figure 1 and Table 1 ). On average, female mass was 30% lower and female CTW 5.4% smaller for the stressed group. Male mass was 19% lower under food stress, whereas male CTW was not significantly affected by our treatment in either year or population ( Figure 1 and Table 1 ).
Significant differences in size between populations were only present for female mass (Table 1) .
Stress and population effects on copulation probability
The probability of copulation did not significantly differ when both partners belonged to the same or different populations or treatments ( Table 2; data 2006) . Effects of food stress on the probability of copulation, however, differed between females from populations R and P (Table 2, and Figure 2 ). Fooddeprived R females showed a significant reduction in copulation probability (100-60%). P females showed a lower copulation probability under the control treatment compared with R females but, in contrast to the latter, did not show a significant reduction in copulation probability under food stress (73-70%).
In the 2007 experiment, consisting only of trials with spiders of population R, the effect of female stress on the probability of copulation was also highly significant (from 95% to 40%; F 1,174 ¼ 48.92, P , 0.0001).
Body size effects on copulation probability
Because copulation probability was not directly affected by population of origin nor by male stress (see above), and to ensure sufficiently large sample sizes, these analyses only included the factors female and male CTW and female stress treatment and were conducted separately for R-R (only data of 2007, because for 2006 all RC females copulated) and P-P (data 2006) mating pairs.
For R mating pairs, the effect of male CTW on copulation probability differed significantly between female treatments (Table 3) . We found the probability of copulation to be independent of male CTW for the control females but to decrease with increasing male CTW for food-stressed females of all sizes (Figure 3 ).
For P mating pairs, the effect of male CTW on copulation probability depended on female stress treatment as well as female CTW (Table 3, Figure 4 ). Under both female treatments, the largest males (average CTW 2.4 mm) were more likely to copulate with the largest females and the smallest males (average CTW 1.8 mm) with the smallest females. For males of intermediate size, in contrast, the relation between male and female size and the probability of copulation depended on female treatment. Males with an average CTW of 2.2 mm had a higher probability of copulating with small food-stressed females and with large control-treatment females. For the group of males with an average CTW of 2.0 mm the probability of copulation was higher with smaller females, but this relation was stronger with stressed females.
DISCUSSION
Our experiments could not show a preference of P. piraticus for spiders of their own population. Subjecting females to food stress significantly affected their mate choice, though the strength and direction of the response differed in relation to the population of origin. When females from an unpolluted reference population were food deprived, they strongly reduced their probability of copulation and mated more frequently with smaller males. This trend was not evident for females from the polluted population, where the probability of copulation was lower than for reference females when food was abundant, but remained unaltered when females were exposed to food stress. Individuals from the polluted population, but not from the reference population, showed sizeassortative mating, most strongly so when females were food deprived.
Food stress has earlier been shown to adversely affect both male and female condition, courtship behavior, and attractiveness to individuals of the opposite sex (Andersson 1994) . In our study, phenotypic effects of food stress were stronger in females than in males, and food stressing the latter did not significantly affect the probability of copulation. In P. piraticus, females have higher energetic needs than males and experience energetic constraints to mating earlier, that is, under lower levels of food deprivation (Hendrickx F, unpublished data) . Although we exposed males to a more severe stress treatment, the smaller treatment effects on male phenotype and mating probability suggest that males experienced less stress than females.
When females from the reference population were food stressed, their responsiveness to copulate decreased (and age of first copulation delayed; Eraly D, unpublished data), providing experimental evidence for the passive initiation hypothesis (Crespi, 1989; Hingle et al. 2001; Hebets et al. 2008) . This hypothesis states that mate choice does not result from active choice but rather from external factors affecting mating propensity, in this case the available energy for egg production. As shown by , female P. piraticus that live under more favorable conditions Table 1 Effects of stress treatment (stress) and population of origin (pop) on female (a) and male (b) body mass (mass) and CTW in both years Means 6 SE are given for both populations and stress treatments when differences where significant, first for the control treatment (C) or the reference population (R), hence for the stressed treatment (S) or the polluted population (P). show a higher fecundity. Under such benign conditions, female fecundity is mainly constrained by body size, and females can be expected to postpone mating until sufficient resources have been obtained for egg development (in spiders, egg fertilization generally takes place when eggs are fully developed ; Foelix 1996; Uetz and Norton 2007) . Females in polluted sites, in contrast, are known to produce smaller egg cocoons relative to their weight ) and these females apparently do not wait to initiate fertilization until a maximal body mass is obtained. Such a shift in life-history strategy, which is considered adaptive , may explain the apparent lack of an experimental food deprivation effect in responsiveness for females from the polluted population.
In addition to a reduction in responsiveness to copulate, stressed females from the reference population showed a higher preference for smaller mates. This finding applies at group level because our experiment was not designed to study individual preferences (Wagner 1998) . In the absence of stress, a larger body size is generally considered to be advantageous, that is, to correlate positively with reproductive success (Honek 1993; Olsson 1993; Blanckenhorn 2000; Danielson-Francois et al. 2002; and with developmental condition (e.g., Hebets et al. 2008) . Stressful conditions, however, may shift the cost-benefit balance toward smaller sizes, as the latter require lower energy budgets and shorter growth intervals, provide higher agility and enhanced mate-searching ability, and incur lower costs of reproduction and predator visibility (Blanckenhorn 2000) . Field caught P. piraticus from polluted habitats indeed are on average smaller (CTW and mass) than those from more pristine habitats . Effects of size on mate choice may also be explained by differences in vigor during male courtship. Moreover, relationships between size and mating success are likely to depend on energy balance, and hence, resource availability (Kotiaho 2000; Blanckenhorn et al. 2008) . Because relationships between courtship vigor and size have not yet been studied in P. piraticus, the relative importance of this mechanism for Table 2 Exact P values from the logistic regression model testing the effects of stress treatment (stress) and population of origin (pop) of both females ( 
Figure 2
Probability of copulation (mean 6 SE) for the 4 experimental groups of females. R ¼ reference population, P ¼ polluted population, C ¼ control treatment, and S ¼ food-stress treatment (data 2006). For each group, the number of mating trials conducted is indicated by N. Significant effects indicated in bold. N R ¼ 177, N P ¼ 59.
Figure 3
Effect of male CTW on the probability of copulation (mean 6 SE) for R mating pairs with stressed and control females (data 2007 mate choice remains to be quantified. Alternatively, female preference for smaller males under food stress may reflect an increased response to moving objects when females are hungry. A study of Mayntz and Toft (2006) on a wolf spider showed that spiders attacked conspecifics more when starved for a longer period. As suggested by West-Eberhard (2003), female preference and male courtship traits are likely to be evolved as duplicated characters of prey detection and movement behavior. At first, a male may attract attention as a potential prey and thereby increase its probability of copulation. Smaller males more likely resemble prey and this may additionally explain the greater tendency of hungry females to approach them. In accordance, all but the largest stressed females of population R also preferentially mated with smaller males. For mating pairs of population P, size-assortative mating was most pronounced when partners differed most strongly in size. This would also imply that the strongest discrimination in mate choice would occur between the most divergent populations (in size). Size-assortative mating is known to be a general mating pattern (Crespi 1989; Rowe and Arnqvist 1996; Taborsky et al. 2009) Schluter and Nagel 1995; Taborsky et al. 2009 ), lizards (e.g., Olsson 1993) , and birds (e.g., Helfenstein et al. 2004) . Our results confirm the importance of body size in the mating pattern of P. piraticus. The absence of significant size differences between both populations for males and females of our laboratory-reared spiders can also be a consistent explanation for the lack of population differentiation in mating preference. Although a lower responsiveness for food-stressed females was shown in a variety of taxa, such as water striders (Rowe et al. 1994; Ortigosa and Rowe 2002) , field crickets (Hunt et al. 2005) , cockroaches (Clark et al. 1997) , stalk-eyed flies (Hingle et al. 2001) , and guppies (Syriatowicz and Brooks 2004) , other studies either failed to show a significant relationship (Archard et al. 2006; Tigreros and Switzer 2008) or found an opposite trend (Cratsley and Lewis 2003) . In the latter study on fireflies, males provide females with a proteinrich spermatophore, a behavior that explains the opposite results. This illustrates the importance of taking the mating system of the study species into account when explaining the results (Bonduriansky 2001) . Recent studies on spiders also showed highly diverse effects of female condition on mate choice. For instance, contrary to theoretical predictions and our results, Hebets et al. (2008) found that for Schizocosa sp., their diet treatment could not be shown to affect female responsiveness, and this was also the case in a study on another wolf spider Pardosa milvina (Wilder and Rypstra 2008) . However, female Schizocosa sp. that were raised on a highquality diet showed a higher preference for males from the same treatment, whereas females raised on a low-quality diet showed no preference, a finding opposite to ours. Apart from the fact that these studies manipulated both food quantity and quality, Pardosa and Schizocosa males show elaborate courting behavior and Schizocosa males have conspicuous brushes on their legs that are considered secondary sexual traits (Uetz and Roberts 2002) , both of which are absent in males of the species in our study. These male traits are more condition dependent and as a consequence provide more reliable cues for female preference (Uetz and Roberts 2002) .
In conclusion, results from our study support the prediction that variation in body condition, driven by local ecological factors, may affect mating rates, and hence, sexual selection (Ortigosa and Rowe 2002; Vines and Schluter 2006; Hendry et al. 2008) . As individuals from a single gene pool produced different phenotypes (body sizes in this case) when subjected to food stress, this also provides evidence for phenotypic plasticity and its role in establishing reproductive isolation when 2 populations are subjected to different environments that induce this plasticity (West-Eberhard 2005; Crispo 2008 ). However, as we only studied 2 populations at the extremes of a pollution gradient, studying more intermediates and replicates in the future is necessary to confirm our findings. Although results from this study fail to show differences in mate choice in relation to population of origin per se, preference of smaller mates by food-stressed females may ultimately reinforce population differentiation. We would like to thank L. Alboort, K. Cap, and M. Bauwens for their help with the experiments and V. Vandomme for technical support. Two anonymous reviewers provided constructive comments that substantially improved the quality of this manuscript. D.E. is a research assistant of FWO Flanders.
Figure 4
Relationship between the probability of copulation and male and female CTW for P mating pairs in (a) female control group, (b) female stressed group (data 2006) . Male size was divided in classes, represented by the average of each class.
